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Mice with a Fluorescent Marker
for Interleukin 2 Gene Activation
bioassay of thesupernatant) or at the mRNA level (North-
ern hybridization or PCR). A common limitation of these
approaches is that they cannot be used to study individ-
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National Institute of Allergy ual cytokine-producing cells in a complex cell system.
Although recent technicalprogress has provided severaland Infectious Diseases
National Institutes of Health methods tomonitor thecytokine production at the single
cell level (such as in situ hybridization, ELISPOT andRockville, Maryland 20852
intracellular cytokine staining [reviewed by Carter and
Swain, 1997]), these methods still require extensive ma-
nipulations that preclude the recovery of live cells forSummary
any further analysis.
Therefore, instead of analyzing the production of theProduction of interleukin (IL)-2 by T lymphocytes is
cytokine itself, we decided to follow cytokine productionone of the earliest events during immune response. A
through the expression of a reporter gene. In this report,mutant mouse strain was generated by replacing the
we describe a mouse model with which T cell activationIL-2 gene with a cDNA encoding green fluorescent
can be monitored by a reporter gene whose expressionprotein (GFP). In this model, GFP fluorescence is
is linked to the endogenous IL-2 regulatory elements.readily detectable upon T cell activation and is mostly
We used the green fluorescent protein (GFP) from thecoexpressed with IL-2 at the single cell level. Thus,
jellyfish Aequorea victoria as reporter because its ex-individual activated T cells can express the IL-2 gene
pression can be detected without invasive manipula-biallelically. Upon stimulation through the T cell anti-
tions (Cubbit et al., 1995).gen receptor, CD41 cells separate into distinct GFP1
and GFP2 populations, both of which are capable of
Resultsdifferentiating into either Th1 or Th2 effectors. These
mice allow noninvasive detection of IL-2 production
Generation of the IL-2-GFPki Miceby single cells and analysis of the subsequent differ-
To faithfully reflect normal IL-2 gene activity in each cell,entiative fate of these cells as an immune response
we introduced the GFP cDNA directly into the IL-2 genedevelops.
locus by gene targeting (Figure 1A); in the first step, a
part of the first exon of the IL-2 gene was replaced withIntroduction
a GFP cDNA along with a removable selection marker
neomycin-resistance (neor) gene cassette, using homol-Induction of an immune response requires an interaction
ogous recombination in mouse embryonic stem (ES)of various types of cells either directly or through soluble
cells. This step introduces (ªknocks inº) the GFP cDNAfactors. To better understand the functions of an individ-
into the endogenous IL-2 gene locus. The selectionual immune accessory, helper, or effector cell in a devel-
marker was subsequently removed from the targetedoping immune response, one needs to: 1) unambigu-
ES cells by Cre/loxP-mediated recombination (Gu et al.,ously identify cells participating in an immune response;
1993). This strategy ensures that the expression of the2) distinguish individual cells that produce different pro-
inserted GFP cDNA is under the control of the nativefiles of soluble factors; and 3) nondestructively isolate
IL-2 gene promoter/enhancer and minimizes the impactthese cells and trace their differentiative fates in vivo.
of foreign sequences on the regulation of the IL-2 locus.During an immune response, engagement of the T cell
Mice carrying the designed gene replacement were thenantigen receptor (TCR) initiates a series of biochemical
generated from the targeted ES cells by standard proce-events that lead to the transcription of activation-associ-
dures and will be referred to here as IL-2-GFPki (for IL-2ated genes, including those encoding cytokines. While
locus with a knocked-in GFP cDNA) mice. All of thecytokines such as interferon (IFN) g and interleukin (IL)-4
mice used in this study are heterozygous for the GFPare produced mainly by more differentiated type 1 and
insertion; therefore, each cell from these mice carriestype 2 T cells, respectively, IL-2 is unique in that it is
one intact wild-type IL-2 and one IL-2-GFPki allele.one of a few cytokines that naive resting T cells can
produce upon primary TCR stimulation (Swain et al.,
1996). Moreover, unlike IL-4 or IFNg that can be pro- Transcriptional Regulation of the IL-2-GFPki Allele
duced not only by T cells but also by mast cells or Mimics that of the Endogenous IL-2 Locus
NK cells, respectively, IL-2 production is restricted to To examine whether the expression of the inserted GFP
activated T cells. These facts suggest that IL-2 produc- parallels that of endogenous IL-2, splenocytes from het-
tion can serve as a marker to monitor the early phases erozygous IL-2-GFPki mice were activated with phorbol
of T cell activation. 12-myristate 13-acetate (PMA) and ionomycin. RNA was
Traditionally, cytokine production has been analyzed then prepared at different time points after activation
in bulk cultures either as secreted protein (ELISA or and subjected to Northern hybridization. As shown in
Figure 2A, the IL-2-GFPki and endogenous IL-2 genes
showed a similar kinetics of transcription, with both tran-*To whom correspondence should be addressed (e-mail: hgu@
pop.niaid.nih.gov). scripts being detectable 4 hr afterstimulation, remaining
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Figure 1. Generation of IL-2-GFPki Mice
(A) The partial restriction map of the mouse
IL-2 locus and the targeting vector. E, EcoRI;
H, HindIII; P, PstI.
(B) Southern blot analysis of ES cell clones.
Genomic DNA was digested with EcoRI, blot-
ted to nylon membrane, and hybridizedwith a
59 probe ([A], gray bar). This probe hybridizes
with a 3.2 kb band from the wild-type allele
and a 4.4 kb band from the targeted allele.
(C) PCR analysis of Cre-mediated neor gene
deletion. Genomic DNA was amplified with
primers ([A], arrows) flanking the neor gene
to confirm deletion. The PCR product is 1.2
kb shorter after the deletion.
at a high level until 8 hr, and declining dramatically within of GFP1 cells as well as the mean fluorescence intensity
(MFI) (MFI 5 10.5; MFI was calculated for GFP1 popula-24 hr.
IL-2 gene transcription is strongly dependent on co- tion) of GFP over those stimulated with anti-CD3 alone
(14%, MFI 5 6.1, Figure 2B). Correspondingly, the IL-2stimulatory signals such as that from CD28 (Lindsten et
al., 1989; Umlauf et al., 1995). We therefore examined production increased approximately 20-fold as mea-
sured by ELISA of the culture supernatant (data notwhether CD28 costimulation affects the expression of
GFP fluorescence in T cells from IL-2-GFPki mice. Stimu- shown). This result indicates that the IL-2-GFPki locus
retains the ability to respond to CD28 costimulation,lation of resting T cells with anti-CD3 together with anti-
CD28 led to a 4-fold increase in the percentage (52%) albeit in a less sensitive manner than native IL-2 locus,
presumably due toa lack of regulation through transcript
stability, as discussed later (Lindsten et al., 1989).
Taken together, we conclude that the transcription of
the IL-2-GFPki locus faithfully reflects that of the endoge-
nous IL-2 gene under our culture conditions.
GFP Is Coexpressed with IL-2 in a Single Cell
A recent report describes an unusual mode of regulation
of the IL-2 gene; namely, the gene is transcribed from
only one allele in a single activated T cell (HollaÈ nder et
al., 1998). Our IL-2-GFPki mice provide a unique system
with which to analyze the allele-specific control of the
IL-2 locus at the single cell level. To this end, CD41-
enriched lymphocytes from heterozygous IL-2-GFPki
mice were activated with anti-CD3 and anti-CD28 anti-
bodies in the presence of brefeldin A. This treatment
blocks protein secretion and increases the sensitivity of
intracytoplasmic IL-2 staining (Openshaw et al., 1995).
As shown in Figure 3A, GFP expression generally corre-
lated with intracytoplasmic IL-2 staining, with the major-
Figure 2. Comparison of IL-2 and GFP Expression ity of GFP1 cells coexpressing IL-2 (78% of GFP1 cells
(A) Northern blot hybridization of stimulated splenocytes. Total or 32% of total cells). This clearly indicates that both
splenocytes from IL-2-GFPki mice were stimulated with 10 ng/ml wild-type IL-2 and IL-2-GFPki alleles are simultaneously
PMA and 1 mM ionomycin for the indicated period of time. Ten
activated in these cells. Cells with strong GFP fluores-micrograms of total RNA were used for analysis.
cence also stain intensely for intracytoplasmic IL-2, sug-(B) Effect of CD28 costimulation upon GFP and IL-2 expression.
CD41-enriched splenocytes from an IL-2-GFPki mouse were left un- gesting that levels of IL-2 gene expression may be repre-
stimulated (broken line), stimulated with plate-bound anti-CD3 anti- sented quantitatively by GFP fluorescence intensity.
body alone (shaded pattern), or with anti-CD3 and anti-CD28 anti- In addition to the GFP1/IL-21 population, some acti-
bodies (thick line). After 48 hr, when the GFP expression peaked, vated CD41 cells appeared to produce either GFP or
cells were stained with PE-conjugated anti-CD4 antibody and ana-
IL-2 alone (9% and 19%, respectively). The GFP1/IL-22lyzed by flow cytometry. The GFP histogram represents CD41 cells.
population appears only at the upper left corner of theThe gates for the GFP1 population are set based on the autofluores-
cence of activated CD41 cells from wild-type mice. lower right quadrant and lacks discernible peaks or
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Figure 3. Coexpression of GFP and IL-2
(A) CD41-enriched splenocytes from an IL-2-GFPki mouse were activated with anti-CD3 and anti-CD28 antibodies in the continuous presence
of 1 mg/ml brefeldin A for 16 hr. Most cells survived this prolonged exposure to brefeldin A. After surface-staining with PE-Cy5-conjugated
anti-CD4 antibody, cells were fixed, permeabilized, and stained with PE-conjugated anti-IL-2 antibody. Graphs are 5% probability contour
plots gated on CD41 cells.
(B) Kinetics of IL-2 and GFP expression. Total splenocytes from an IL-2-GFPki mouse were stimulated with PDBu and ionomycin in the presence
of brefeldin A. After 4 hr, cells were washed and returned to culture with brefeldin A alone. Aliquots were removed at 2, 4, and 8 hr, surface-
stained with PE-Cy5-conjugated anti-CD4 antibody, fixed, permeabilized and stained with PE-conjugated anti-IL-2 antibody. Graphs represent
5% contour plots gated on CD41 cells.
ridges, suggesting that most of them may be within flow positive for cytoplasmic IL-2, while there were few GFP1
cells. By 4 hr, the percentage of IL-21 cells increasedcytometric variation (Watson, 1992). It is conceivable
that some cells have fallen into this category because to 48.5%, and roughly one in five IL-21 cells coex-
pressed GFP. Four hr of additional incubation withoutthe blockage of IL-2 protein secretion by brefeldin A
was incomplete, giving rise to an apparent lack of IL-2 stimuli did not affect the percentage of total IL-21 cells,
indicating that essentially no T cells were newly acti-production by GFP1 cells. However, the presence of an
IL-21/GFP2 population may require further elaboration. vated and moved to the IL-21 populations during this
period. However, the IL-21/GFP1 cells increased fromA closer inspection reveals that the IL-21/GFP2 popula-
tion expresses a relatively lower level of IL-2 as com- 10% to 15%, whereas the IL-21/GFP2 population de-
creased from 38% to 33%. Thus, this observation con-pared to GFP1/IL-21 cells (MFI 5 11.8 versus 25.5).
Likewise, when cells from an equivalent culture were firms our assumption that some, if not all, IL-21/GFP2
cells do represent newly activated T cells and will even-sorted into GFP2 and GFP1 populations, the amount of
IL-2 in the GFP2 population as determined by Western tually become IL-21/GFP1 later. The delayed expression
of GFP may be caused by altered posttranscriptionalblotting was only one-tenth of what was detected in
the GFP1 population (data not shown). Therefore, we regulation.
We conclude from these results that majority of CD41hypothesized that this IL-21/GFP2 population repre-
sented a transitional phase of newly activated cells be- T cells are able to coexpress GFP and IL-2 upon activa-
tion. Although small numbers of IL-21/GFP2 cells werefore they turn GFP1/IL-21. To test this, we performed
the following experiment to trace the expression of GFP observed, most of them may eventually turn IL-21/GFP1
at later times after stimulation.in IL-21/GFP2 cells. Splenocytes were first stimulated
with phorbol 12, 13-dibutyrate (PDBu) and ionomycin in
the presence of brefeldin A. In this experiment, we chose Naive T Cells Consist of Distinct GFP1
and GFP2 PopulationsPDBu over PMA because its effect could be terminated
by washing (Szallasi et al., 1994). After 4 hr, the cells When CD41 cells were stimulated with anti-CD3 and
anti-CD28 antibodies, approximately 40%±50% cells re-were washed several times to remove the stimuli and
then returned toculture in medium with brefeldin A alone mained GFP2 throughout the course of stimulation (Fig-
ure 2B). In other words, nearly half of CD41 cells didfor an additional 4 hr. Aliquots were removed from cul-
ture sequentially at indicated times, stained for cyto- not express or expressed little IL-2 after activation. To
avoid the heterogeneity of normal T cell populationsplasmic IL-2, and analyzed by flow cytometry (Figure
3B). At 2 hr, more than 20% of the CD41 cells stained and ensure uniform activation, we decided to study this
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Figure 4. Activation Status of GFP1 and
GFP2 Cells
(A) Lymphocytes from an IL-2-GFPki 3 5C.C7
Tg mouse were activated with mitomycin
c±treated P13.9 cells loaded with 10 mM PCC
88-104 peptide. After 48 hr, cells werestained
with PE-conjugated anti-Vb3 and biotinylated
anti-CD69 or anti-CD62L antibodies followed
by PE-Cy5-streptavidin. Graphs are 5% prob-
ability contour plots gated on Vb31 cells. Due
to their increased autofluorescence, stimu-
lated GFP2 cells are apparently brighter than
unstimulated cells. However, this fluores-
cence level is comparable to that of activated
T cells from wild-type mice. The percentage
of CD692 cells upon stimulation (the second
panel on the right) is 0.7%.
(B) Comparison of TCR-mediated activation
and PMA and ionomycin stimulation. Spleno-
cytes from an IL-2-GFPki mouse were acti-
vated either with anti-CD3 and anti-CD28 an-
tibodies (shaded pattern) or with PMA and
ionomycin (thick line). Broken line represents
nonstimulated cells. After 48 hr, cells were
stained with PE-conjugated anti-CD4 anti-
body and analyzed. Histograms represent
cells gated on CD4.
phenomenon further with monospecific T cells stimu- Differentiative Fate of GFP1 and GFP2 T Cells
lated with cognate antigen presented by antigen-pre- It is widely accepted that naive Th cells produce IL-2
senting cells (APC). IL-2-GFPki mice were crossed to before they differentiate into either type 1 or type 2 (Th1
B10.A/5C.C7 transgenic (Tg) mice expressing a Va11/ and Th2) effectors depending on the cytokines present
Vb3 TCR specific for pigeon cytochrome c (PCC) 88- in the environment during the primary stimulation (Paul
104 bound to I-Ek MHC class II molecules (Seder et al., and Seder, 1994; Abbas et al, 1996; Mosmann and Sad,
1992). Lymphocytes from IL-2-GFPki 3 5C.C7 Tg mice 1996; Swain et al, 1996; O'Garra, 1998). One of the unan-
were stimulated with APC loaded with cognate peptide swered questions in this model is the relationship be-
(Madrenas et al., 1995) and examined for GFP expres- tween initial IL-2-producing cellsand terminally differen-
sion. As shown in Figure 4A, GFP1 and GFP2 cells were tiated Th effectors. Since we have found that CD41 cells
indistinguishable with regard to their size or the expres- divide into distinct GFP1 and GFP2 populations upon
sion of surface markers CD69 and CD62L. Other activa- primary stimulation, we decided to follow the fate of
tion-related markers such as CD25, CD44, and CD45RB each population as cytokine producers. Purified naive
also showed comparable staining patterns between CD41 cells from IL-2-GFPki 3 5C.C7 Tg mice were stimu-
GFP1 and GFP2 populations (data not shown). More- lated with APC loaded with PCC peptide for 48 hr. To
over, the percentage of GFP1 cells did not increase promote either Th1 or Th2 differentiation, the culture
significantly even at a higher peptide concentration was supplemented with anti-IL-4 and IL-12 (Th1) or with
(data not shown). DNA content measured by propidium IL-4, anti-IL-12, and anti-IFNg (Th2), as described pre-
iodide staining did not show any difference between viously (Hu-Li et al, 1997; Szabo et al., 1997). After 48
GFP1 and GFP2 populations, and both populations were hr, cells were stained with PE-conjugated anti-CD4 and
equally susceptible to activation-induced cell death
sorted into CD41/GFP2 and CD41/GFP1 populations.
(data not shown). These results strongly demonstrate
Sorted cells were then cultured in the presence of exog-
that theabsence of GFP expression cannot be attributed
enous IL-2 and restimulated to examine their cytokine
to the lack of TCR stimulation nor to the difference in
production 4 days after sorting. Both GFP1 and GFP2cell cycle in these cells. We therefore conclude that
populations contained cells capable of producing IL-2naive CD41 cells consist of two distinct populations,
upon secondary stimulation, and the GFP profile was inone that produces high level of IL-2 and another that
agreement with this observation (Figure 5; Table 1). Aproduces little or none at all upon primary activation.
fraction of cells derived fromthe GFP2 population turnedNotably, when the naive CD41 T cells are stimulated
GFP1 upon secondary stimulation, indicating that thewith phorbol ester and ionomycin to bypass membrane-
absence of GFP expression is not heritable in daughterproximal signaling events (Weiss and Imboden, 1987),
cells. While the production of IL-2 as well as the propor-nearly 100% of them expressed GFP after 48 hr (Figure
tion of GFP1 cells were always slightly lower in restimu-4B). Therefore, the absence of GFP fluorescence in a
lated GFP2 cells, both GFP1 and GFP2 populations pro-subset of CD41 cells is not due to a defect at the level
duced comparable amounts of IFNg or IL-4. Other Th2of transcription or translation but rather appears to stem
cytokines such as IL-5 and IL-10 were also producedfrom the different responsiveness to TCR-mediated sig-
naling in these two populations. at a similar level by GFP1 and GFP2 populations (Table
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Primary IL-2 IFNg IL-4 IL-5 IL-10
Stimulation (ng/ml) (U/ml) (ng/ml) (ng/ml) (ng/ml)
Th1 priming (2) 242.6 337.7 0.01 0.01 0.5
(1) 317.4 232.7 0.01 0.02 0.1
Th2 priming (2) 35.6 28.9 2.7 5.7 23.7
(1) 43.6 21.1 2.5 9.2 26.2
CD41 T cells from IL-2-GFPki 3 5C.C7 Tg mice were activated with
mitomycin c±treated P13.9 cells loaded with 10 mM PCC 88-104
peptide in the presence of anti-IL-4 antibody and IL-12 (Th1) or anti-
IL-12 and anti-IFNg antibodies and IL-4 (Th2). After 48 hr, cells
were stained with PE-conjugated anti-CD4 antibody and sorted into
CD41/GFP2 and CD41/GFP1 populations, as shown in Figure 5A.
Sorted cells were returned to culture medium supplemented with
recombinant IL-2. Four days later, live cells were stimulated with
P13.9 and peptide without exogenous cytokines or antibodies. Su-
pernatant was collected 24 hr later. P13.9 does not produce any of
the cytokines measured here. Similar results were obtained in five
independent experiments.
could detect IL-2-producing cells upon in vivo stimula-
tion. When IL-2-GFPki 3 5C.C7 Tg mice are immunized
with PCC protein, a significant number (3.9% of CD41
cells) of GFP1 cells can be detected in the draining
lymph node (Figure 6).
Discussion
In this report, we described a mouse strain in which the
IL-2 producing cells can be identified directly by GFP
fluorescence without any destructive manipulation. Be-
cause GFP accumulates within the cell, this system
allows us to semiquantitatively measure the extent of
IL-2 gene locus activity in individual cells.
Control of IL-2 Gene Expression
Tracing lymphocyte activation, migration, and differenti-
ation during an ongoing immune response has been
hampered by the lack of suitable markers. Since IL-2 is
required for initial T cell proliferation (Meuer et al., 1984)
Figure 5. Sorting GFP1 and GFP2 Cells and transcribed only transiently by activated T cells (re-
Lymphocytes from an IL-2-GFPki 3 5C.C7 Tg mouse were activated viewed by Crabtree and Clipstone, 1994; Jain et al.,
with mitomycin c±treated P13.9 cells loaded with 10 mM PCC 88- 1995; Rothenberg and Ward, 1996), monitoring IL-2 gene
104 peptide. Culture was supplemented with anti-IL-4 antibody and
IL-12 (Th1) or with anti-IL-12 and anti-IFNg antibodies and IL-4 (Th2).
After 48 hr, cells werestained with PE-conjugated anti-CD4 antibody
and sorted. (A) Sort gates for GFP1 (right) and GFP2 (left) cells. (B)
Flow cytometric analysis of GFP fluorescence upon restimulation.
Broken lines represent the fluorescence patterns of sorted GFP1
and GFP2 cells immediately before restimulation. Shaded patterns
represent cells after 24 hr of restimulation. Data are representative
of more than five independent experiments.
1). These results indicate that although significantly dif-
ferent in primary IL-2 production, both GFP1 and GFP2
populatons have an equal potential to differentiate into
Figure 6. GFP Expression upon In Vivo Stimulation
either Th1 or Th2 effectors.
IL-22GFPki 3 5C.C7 Tg mice received a subcutaneous injection of
pigeon cytochrome c mixed with complete Freund's adjuvant only
on the right hind footpad. Twenty-four hr after injection, mice were
Detection of IL-2-Producing T Cells In Vivo sacrificed, cells from the right and left popliteal lymph nodes were
While this mouse strain is clearly useful for analyzing collected separately, stained with PE-conjugated anti-CD4 anti-
body, and analyzed by flow cytometry.cell differentiation in vitro, we also wished to see if we
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expression appears to be a straightforward way to iden- T cells should consist of three populations, namely,
GFP2/IL-22 (true IL-2 nonproducers), GFP1/IL-22, andtify T cells actively engaged in the initiation of an immune
response. To our knowledge, two lines of transgenic GFP2/IL-21. Our results contradict this prediction (Fig-
ure 3). Because the majority of activated CD41 T cellsmice with reporter genes driven by IL-2 promoters have
been described (Minasi et al., 1993; Brombacher et al., coexpress IL-2 and GFP, ªallelic exclusionº is not op-
erating in the T cells from IL-2-GFPki mice. One may1994). Both groupsencountered varying degrees of con-
stitutive expression of the reporter gene, most likely hypothesize that introduction of the GFP cDNA into the
IL-2 locus has removed regulatory elements necessaryowing to the copy numbers and integration sites of the
transgene and the absence of unidentified distant regu- for monoallelic expression from this locus. It is also
possible that the GFP cDNA and polyadenylation se-latory elements in the promoter/enhancer used in their
systems. By employing the knockin strategy, we were quences themselves contain elements capable of dis-
turbing the monoallelic expression. We cannot formallyable to circumvent these problems associated with con-
ventional transgenic mice. exclude these possibilities as long as the mechanism
of monoallelic expression from the IL-2 locus remainsThe level of mRNA for cytokines including IL-2 is de-
termined by the rate of transcription and the stability of unsolved. However, the design of the targeting con-
struct places the GFP cDNA precisely at the translationthe transcript. Sequences in the 39 untranslated region
(UTR) such as the AUUUA motif have been shown to start of the normal IL-2 protein. The selection marker
neor gene was removed by Cre/loxP-mediated recombi-contribute to the rapid degradation of cytokine mRNA
(Caput et al., 1986; Shaw and Kamen, 1986). We found nation, leaving only a minimal length of foreign se-
quences. No changes in upstream sequences or thethat the kinetics of mRNA accumulation for GFP and
IL-2 were virtually identical in spite of the difference in distance from 59 regulatory elements to the transcription
initiation site were introduced. Except for the first exon,the 39 UTR of these transcripts; the 39 UTR of the GFP
transcript is derived from SV40 intron and polyadenyla- which was partially replaced with GFP cDNA, all of the
other exons and introns of the IL-2 gene remained intact.tion signal sequences and thus lacks destabilizing mo-
tifs. This observation does not necessarily contradict There is no evidence of spontaneous GFP expression
without TCR or pharmacological signaling known to in-the effect of 39 UTR sequences on the stability of mRNA
because the mRNA destabilization effect is not promi- duce IL-2 gene transcription. Furthermore, if the changes
brought into the IL-2 locus by GFP cDNA introductionnent when cells are stimulated with PMA (Shaw and
Kamen, 1986). Nevertheless, the current result still con- disregulated the locus, making it more active so that
the allelic exclusion does not operate, then one wouldtrasts with a previous report of a transgenic mouse strain
that carries an SV40 large T antigen reporter gene driven have expected to find a large population of GFP1/IL-22
cells. In contrast, few of any such cells were observed,by tandem NF-AT binding motifs derived from the IL-2
promoter, where the reporter transcript accumulated arguing against hyperactivity of the IL-2-GFPki allele.
An alternative hypothesis to reconcile our observa-for up to 36 hr after initial stimulation with PMA and
ionomycin (Verweij et al., 1990). This probably reflects tions with those of HollaÈ nder et al. (1998) is that the two
IL-2 loci are sequentially activated in a single cell. Basedthe difference between the isolated NF-AT motif and the
complete IL-2 promoter/enhancer with regard to tran- on this model, one of the two IL-2 genes will be randomly
chosen and transcribed first during T cell activation.scriptional control.
Using this mutant mouse strain, we were able to show Because IL-2 transcripts are degraded rapidly, there is
only a very short time period during which two sequen-that the expression of GFP is augmented by costimula-
tory signal through CD28 (Figure 2B). The mechanisms tially transcribed IL-2 mRNA species can be detected
simultaneously. Consequently, unless one captures cellsof CD28 costimulation leading to enhanced production
of IL-2 have not been fully clarified. While Fraser et al. in this small time window, IL-2 transcripts detectable
by single cell RT-PCR will represent only one allele and(1991) described the presence of a CD28-responsive
element in IL-2 enhancer that bound a specific protein give an impression of monoallelic expression. In con-
trast, we detected coexpression of GFP and IL-2 pro-complex, reports by two other groups seem to favor a
more prominent effect on mRNA stability (Lindsten et teins in individual cells because, unlike unstable RNA
transcripts, both proteins accumulate inside the cells inal., 1989; Umlauf et al., 1995). In our case, because the
GFP transcript shares only the first 45 bp with native our system. Therefore, asynchronous transcription of
the two alleles does not interfere with the concurrentIL-2 mRNA, it is unlikely that enhanced expression of
GFP by CD28 signal is achieved by stabilizing the GFP detection of these proteins.
mRNA through these sequences. Consequently, it im-
plies that the costimulatory effect of CD28 on the ex-
Functional Significance of Distinct GFP1pression of GFP operates at the transcriptional level in
and GFP2 CD41 T Cellsthese cells.
Here, we present that freshly isolated CD41 T lympho-
cytes could be separated into two populations based
on their ability to express GFP. As discussed above,Biallelic Versus Monoallelic Expression
of the IL-2 Gene lack of GFP expression cannot be attributed to allelic
exclusion at the IL-2 locus. In this regard, preliminaryHollaÈ nder et al. (1998) recently reported that the IL-2
gene was transcribed only from one allele in any individ- experiments suggest that the heterogeneity of GFP ex-
pression is maintained in homozygous IL-2-GFPki miceual CD41 T cell and that the active allele was chosen
randomly. According to this model, activated IL-2-GFPki (M. N. and H. G., unpublished data). GFP2 cells seem
IL-2-GFP Knockin Mice
215
by Dr. W. E. Paul (NIAID). Recombinant mouse IL-2 and IL-12 wereto be sufficiently activated as determined by the expres-
from Pharmingen.sion of activation markers. In contrast to a report that
IL-2 production by Th1 clones requires a stronger signal
Generation of IL-2-GFPki Micethrough TCR as evidenced by downmodulation of TCR
The targeting vector was comprised of the following four parts. (1)(Itoh and Germain, 1997), we did not detect discernable
The HindIII±PstI fragment of 129/SvJ genomic DNA isolated fromdifferences in TCR levels between GFP1 and GFP2 pop-
the Lambda FIX II library (Stratagene), which corresponds to 21999
ulations (M. N. and H. G., unpublished data). This dis- to 145 of the mouse IL-2 gene 59 flanking region (the translation
crepancy may be due to the relative heterogeneity of initiation codon for IL-2 is located at 148); (2) the S65T-mutant GFP
freshly isolated TCR transgenic T cells compared to cDNA with mammalian-optimized codon usage, SV40 intron and
polyadenylation signal from pGreenLantern-1 (Life Technologies,established Th1 clones. Because most of GFP2 cells
Gaithersburg, MD); (3) a neor gene cassette flanked by two loxPwere capable of producing IL-2 uponsecondary stimula-
sites (Ferradini et al., 1996); and (4) the 4 kb PCR product of 129tion, they do not conform to the definition of anergic
genomic DNA corresponding to 1216 in exon 1 to the end of exon
cells (Schwartz, 1996). Moreover, these two populations 4 of the mouse IL-2 gene. To generate the targeted ES cell clone,
do not represent committed precursors of Th1 or Th2 30 mg DNA of the linearized targeting vector was electroporated
effectors, as both populations differentiated toward ei- into E14.1 ES cells, and G418-resistant clones were screened for
homologous recombination by Southern hybridization. One cor-ther direction solely based on the cytokines present in
rectly targeted clone was identified, and this clone was transientlythe environment at the time of priming (Table 1). These
transfected with a Cre recombinase expression vector (pIC-Cre) (Guobservations firmly establish that those cells that pro-
et al., 1993) to remove the neor gene. Cre-mediated deletion was
duce little or no IL-2 upon primary stimulation, as well confirmed by susceptibility to G418 and by PCR (Figure 1, legend).
as those that do so, are capable of differentiating into Chimeric mice were generated according to the procedure de-
polarized Th effectors. At present, the functional signifi- scribed previously (Gu et al., 1993).
cance of the GFP2 and GFP1 primary cell populations
remains unclear. We do not know whether naive T cells Purification and Activation of T Cells
are predetermined to be IL-2 high producers or low to Splenocytes from an IL-2-GFPki mouse were passed through a
Mouse CD4 Cell Recovery Column (Accurate Chemical and Scien-nonproducers, or whether they develop into either cell
tific Corporation, Westbury, NY) according to manufacturer's in-type stochastically. Although they are equally effective
structions to enrich for CD41 cells. Typically, 70%±95% of the recov-in generating Th effectors, it is yet to be examined
ered cells were CD41 when assessed by flow cytometry. Cells were
whether they are functionally different in generating routinely stimulated with plate-bound anti-CD3 and soluble anti-
long-term immunological memory or other immunoregu- CD28 antibodies.
lators (Chen et al., 1994; Asano et al., 1996; Groux et TCR transgenic T cells were activated with mitomycin c±treated
P13.9 (an L cell line transfected with cDNAs encoding I-Ek, B7.1al., 1997; Buer et al., 1998).
and ICAM-1, from Dr. R. N. Germain [NIAID]; Madrenas et al., 1995)
loaded with 10 mM PCC peptide 88-104 (NIAID Peptide SynthesisPerspectives Laboratory).
The use of GFP as a reporter has drawn much attention Naive CD41 cells were prepared as described previously (Hu-Li
recently. Because its fluorescence can be detected et al., 1997), with some modifications. In brief, B cells were removed
by panning on a plate coated with anti-mouse immunoglobulin.upon in vivo stimulation, GFP can be used as a novel
Nonbinding cells were first centrifuged through a discontinuousmarker to identify activated T cells in this mouse strain
Percoll gradient and then passed over a Mouse CD4 Cell Recoveryduring a physiological immune response. We anticipate
Column. Approximately 90% of the cells in this preparation ex-
that the generation of other cytokine or chemokine re- pressed transgenic TCR and stained strongly for CD62L. For Th cell
porter mice with different fluorescent tags (such as blue differentiation, culture was supplemented either with 10 mg/ml anti-
fluorescent protein (Cubbit et al., 1995) will greatly ex- IL-4 antibody (11B11) and 100 U/ml IL-12 (Th1) or with 10 mg/ml
anti-IFNg (XMG1.2), 10 mg/ml anti-IL-12 (polyclonal) antibodies, andtend our ability to analyze the mechanisms of immune
500 U/ml IL-4 (Th2).cell±cell interaction and the cell migration processes
during normal as well as pathological immune re-
sponses. Intracytoplasmic Cytokine Staining
Cells were first stained with PE-Cy5-conjugated anti-CD4 antibody
and fixed in paraformaldehyde. Fixed cells were then permeabilizedExperimental Procedures
with saponin and stained with PE-conjugated monoclonal anti-IL-2
antibody. These treatments did not significantly alter GFP fluores-Mice
cence. Nonspecific binding was blocked with 2.4G2 anti-Fcg recep-All of the mice used in this study were bred and maintained at NIAID
tor antibody and heat-aggregated mouse IgG. Specificity of intracy-Twinbrook II Animal Facility under specificpathogen-free conditions
toplasmic staining was confirmed by inhibiting the staining within accordance with institutional guidelines. Non-TCR transgenic IL-
exogenous IL-2 and also by lack of IL-2 staining in cells derived2-GFPki mice were of B10.A background. IL-2-GFPki 3 5C.C7 Tg
from an IL-2-GFPki homozygous mutant mouse.mice were selected for the high expression of Vb3 TCR and respon-
siveness to cognate antigen because the 129 background of the ES
cells deletes this TCR through superantigen stimulation in the thy- Flow Cytometry and Cytokine ELISA
mus (Tomonari et al., 1993). Flow cytometric analysis was performed with the FACScan (Becton
Dickinson, San Jose, CA) equipped with the standard 488 nm argon
laser. GFP fluorescence was detected with the FL1 detectorAntibodies and Cytokines
Anti-CD3 (145±2C11), anti-CD4 (RM4±5), anti-CD28 (37.51), anti- (530630 nm). Cell sorting was performed with a FACStar (Becton
Dickinson). Data were analyzed with FlowJo analysis programCD62L (MEL-14), anti-CD69 (H1.2F3), anti-IL-2 (S4B6), anti-IFNg
(XMG1.2), and anti-TCR Vb3 (KJ25) monoclonal antibodies were (Treestar, San Carlos, CA). Cytokine in the culture supernatant was
measured by sandwich ELISA using antibodies from Pharmingenobtained from Pharmingen (San Diego, CA). Polyclonal anti-IL-12
antibody was from R & D Systems (Minneapolis, MN). Recombinant (for IL-2, IL-10, and IFNg) or from Endogen (Cambridge, MA, for IL-4
and IL-5) according to manufacturers' protocols.mouse IL-4 as well as anti-IL-4 antibody (11B11) was kindly provided
Immunity
216
Acknowledgments Jain, J., Loh, C., and Rao, A. (1995). Transcriptional regulation of
the IL-2 gene. Curr. Opin. Immunol. 7, 333±342.
We thank R. N. Germain for P13.9 cell line, W. E. Paul for recombinant Lindsten, T., June, C.H., Ledbetter, J.A., Stella, G., and Thompson,
IL-4 and anti-IL-4 antibody, the National Institute of Allergy and C.B. (1989). Regulation of lymphokine messenger RNA stability by a
Infectious Diseases (NIAID) Flow Cytometry Unit for cell sorting, and surface-mediated T-cell activation pathway. Science 244, 339±343.
the NIAID Animal Care Branch for animal husbandry. We also thank Madrenas, J., Wange, R.L., Wang, J.L., Isakov, N., Samelson, L.E.,
R. N. Germain, N. Noben-Trauth, W. E. Paul, R. H. Schwartz, E. M. and Germain, R.N. (1995). z phosphorylation without ZAP-70 activa-
Shevach, and Y. Tagaya for critical review of the manuscript. M. N. tion induced by TCR antagonists or partial agonists. Science 267,
was in part supported by the fellowship from the Japan Society for 515±518.
the Promotion of Science.
Meuer, S.C., Hussey, R.E., Cantrell, D.A., Hodgdon, J.C., Schloss-
man, S.F., Smith, K.A., and Reinherz, E.L. (1984). Triggering of theReceived May 27, 1998; revised July 13, 1998.
T3-Ti antigen-receptor complex results in clonal T-cell proliferation
through an interleukin 2-dependent autocrine pathway. Proc. Natl.References
Acad. Sci. USA 81, 1509±1513.
Minasi, L.E., Kamogawa, Y., Carding, S., Bottomly, K., and Flavell,Abbas, A.K., Murphy, K.M., and Sher, A. (1996). Functional diversity
R.A. (1993). The selective ablation of interleukin 2-producing cellsof helper T lymphocytes. Nature 383, 787±793.
isolated from transgenic mice. J. Exp. Med. 177, 1451±1459.Asano, M., Toda, M., Sakaguchi, N., and Sakaguchi, S. (1996). Auto-
Mosmann, T.R., and Sad, S. (1996). The expanding universe of T-cellimmune disease as a consequence of developmental abnormality
subsets: Th1, Th2 and more. Immunol. Today 17, 138±146.of a T cell subpopulation. J. Exp. Med. 184, 387±396.
O'Garra, A. (1998). Cytokines induce the development of functionallyBrombacher, F., SchaÈ fer, T., Weissenstein, U., Tschopp, C., Ander-
heterogeneous T helper cell subsets. Immunity 8, 275±283.sen, E., BuÈ rki, K., and Baumann, G. (1994). IL-2 promoter-driven
lacZ expression as a monitoring tool for IL-2 expression in primary Openshaw, P., Murphy, E.E., Hosken, N.A., Maino, V., Davis, K.,
T cells of transgenic mice. Int. Immunol. 6, 189±197. Murphy, K., and O'Garra, A. (1995). Heterogeneity of intracellular
cytokine synthesis at the single-cell level in polarized T helper 1Buer, J., Lanoue, A., Franzke, A., Garcia, C., von Boehmer, H., and
and T helper 2 populations. J. Exp. Med. 182, 1357±1367.Sarukhan, A. (1998). Interleukin 10 secretion and impaired effector
function of major histocompatibility complex class II-restricted T Paul, W.E., and Seder, R.A. (1994). Lymphocyte responses and cyto-
cells anergized in vivo. J. Exp. Med. 187, 177±183. kines. Cell 76, 241±251.
Caput, D., Beutler, B., Hartog, K., Thayer, R., Brown-Shimer, S., and Rothenberg, E.V., and Ward, S.B. (1996). A dynamic assembly of
Cerami, A. (1986). Identification of a common nucleotide sequence diverse transcription factors integrates activation and cell-type in-
in the 39-untranslated region of mRNA molecules specifying inflam- formation for interleukin 2 gene regulation. Proc. Natl. Acad. Sci.
matory mediators. Proc. Natl. Acad. Sci. USA 86, 1670±1674. USA 93, 9358±9365.
Carter, L.L., and Swain, S.L. (1997). Single cell analyses of cytokine Schwartz, R.H. (1996). Models of T cell anergy: is there a common
production. Curr. Opin. Immunol. 9, 177±182. molecular mechanism? J. Exp. Med. 184, 1±8.
Chen, Y., Kuchroo, V.K., Inobe, J., Hafler, D.A., and Weiner, H.L. Seder, R.A., Paul, W.E., Davis, M.M., and Fazekas de St. Groth, B.
(1994). Regulatory T cell clones induced by oral tolerance: suppres- (1992). The presence of interleukin 4 during in vitro priming deter-
sion of autoimmune encephalomyelitis. Science 265, 1237±1240. mines the lymphokine-producing potential of CD41 T cells from T
cell receptor transgenic mice. J. Exp. Med. 176, 1091±1098.Crabtree, G.R., and Clipstone, N.A. (1994). Signal transmission be-
tween the plasma membrane and nucleus of T lymphocytes. Annu. Shaw, G., and Kamen, R. (1986). A conserved AU sequence from
Rev. Biochem. 63, 1045±1083. the 39 untranslated region of GM-CSF mRNA mediates selective
mRNA degradation. Cell 46, 659±667.Cubbit, A.B., Heim, R., Adams, S.R., Boyd, A.E., Gross, L.A., and
Tsien, R.Y. (1995). Understanding, improving and using green fluo- Swain, S.L., Croft, M., Dubey, C., Haynes, L., Rogers, P., Zhang, X.,
rescent proteins. Trends Biochem. Sci. 20, 448±455. and Bradley, L.M. (1996). From naive to memory T cells. Immunol.
Rev. 150, 143±167.Ferradini, L., Gu, H., De Smet, A., Rajewsky, K., Reynaud, C.-A., and
Weill, J.-C. (1996). Rearrangement-enhancing element upstream of Szabo, S.J., Dighe, A.S., Gubler, U., and Murphy, K.M. (1997). Regu-
the mouse immunoglobulin kappa chain J cluster. Science 271, lation of the interleukin (IL)-12R b2 subunit expression in developing
1416±1420. T helper 1 (Th1) and Th2 cells. J. Exp. Med. 185, 817±824.
Fraser, J.D., Irving, B.A., Crabtree, G.R., and Weiss, A. (1991). Regu- Szallasi, Z., Smith, C.B., and Blumberg, P.M. (1994). Dissociation of
lation of interleukin-2 gene enhancer activity by the T cell accessory phorbol esters leads to immediate redistribution to the cytosol of
molecule CD28. Science 251, 313±316. protein kinases Ca and Cd in mouse keratinocytes. J. Biol. Chem.
269, 27159±27162.Groux, H., O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S., De
Vries, J.E., and Roncarolo, M.G. (1997). A CD41 T-cell subset inhibits Tomonari, K., Fairchild, S., and Rosenwasser, O.A. (1993). Influence
antigen-specific T-cell responses and prevents colitis. Nature 389, of viral superantigens on Vb and Va-specific positive and negative
737±742. selection. Immunol. Rev. 131, 131±168.
Gu, H., Zou, Y.-R., and Rajewsky, K. (1993). Independent control of Umlauf, S.W., Beverly, B., Lantz, O., and Schwartz, R.H. (1995).
immunoglobulin switch recombination at individual switch regions Regulation of interleukin 2 gene expression by CD28 costimulation
evidenced through Cre-loxP-mediated gene targeting. Cell 73, in mouse T-cell clones: both nuclear and cytoplasmic RNAs are
1155±1164. regulated with complex kinetics. Mol. Cell. Biol. 15, 3197±3205.
HollaÈ nder, G.A., Zuklys, S., Morel, C., Mizoguchi, E., Mobisson, K., Verweij, C.L., Guidos, C., and Crabtree, G.R. (1990). Cell type speci-
Simpson, S., Terhorst, C., Wishart, W., Golan, D.E., Bhan, A.K., et ficity and activation requirements for NFAT-1 (nuclear factor of acti-
al. (1998). Monoallelic expression of the interleukin-2 locus. Science vated T-cells) transcriptional activity determined by a new method
279, 2118±2121. using transgenic mice to assay transcriptional activity of an individ-
ual nuclear factor. J. Biol. Chem. 265, 15788±15795.Hu-Li, J., Huang, H., Ryan, J., and Paul, W.E. (1997). In differentiated
CD41 T cells, interleukin 4 production is cytokine-autonomous, Watson, J.V. (1992). Flow Cytometry Data Analysis (Cambridge:
whereas interferon g production is cytokine-dependent. Proc. Natl. Cambridge University Press).
Acad. Sci. USA 94, 3189±3194. Weiss, A., and Imboden, J.B. (1987). Cell surface molecules and
Itoh, Y., and Germain, R.N. (1997). Single cell analysis reveals regu- early events involved in human T lymphocyte activation. Adv. Immu-
lated hierarchical T cell antigen receptor signaling thresholds and nol. 41, 1±38.
intraclonal heterogeneity for individual cytokine responses of CD41
T cells. J. Exp. Med. 186, 757±766.
